Combustion instabilities in gas turbine engines often give rise to acoustic resonances. These resonances occur as manifestations of different acoustic modes, of which a single or multiple modes may be present. In this work, the acoustic behavior of a model gas turbine combustor, developed at DLR Stuttgart by Meier, was investigated using both syn(thetic) gas and standard hydrocarbon fuels. Syngas displayed significantly different behavior than hydrocarbon fuels, even when the laminar flame speeds of the fuels were matched. The following operating parameters were systematically varied: equivalence ratio, air mass flow rate, burner temperature, flame speed, and fuel type. The results did not correspond to any one known instability mechanism. It is concluded that, in the current burner configuration, integrated-acoustics occur that involve a combination of mechanisms. These include organ tone resonances, Helmholtz-type instability, and convective-acoustic effects. Another possible factor is the fluid mechanical switching observed between the two swirler air passages, due to blockage caused by flame position and shape. Flame characteristics such as anchoring and liftoff height appear to play a major role in the determination of instability strength. As hydrogen content in syngas is increased, a lifted flame eventually anchors, resulting in a drastic decrease in the acoustic amplitude associated with non-resonating flames. Thus, increasing the flame speed causes two competing effects to occur. Propane acoustic data are collapsed using scaling parameters that indicate that the burner temperature and the air mass flow effects behave independently. 
I. Introduction
WIRL flames impart a vital fluid mechanical effect conducive to flame stabilization through creation of a central recirculation zone and enhanced mixing. The addition of swirl to a combustor has been shown to allow stable operation over a range of conditions and regimes 1 . Periodic large scale motions are, in part, due to the precessing vortex core (PVC). However, swirl flames are also subject to thermoacoustic oscillations that can lead to acoustic instabilities. These instabilities arise when there is sufficient in-phase coupling between the pressure field and heat release to satisfy the Rayleigh criterion 2 . Previous acoustic studies typically fall into one of two categories: 1) Naturally stable flames that are externally excited at various frequencies, usually by a loudspeaker, to determine their transfer functions 3 and 2) Naturally unstable flames that display intrinsic combustion instabilities 4 .
. Both of the references characterize an acoustic coupling between the flow velocity and a convected entropy wave. Lieuwen describes this wave as one that propagates downstream to some flow constriction; a new wave then is excited which moves upstream and impinges on the injector nozzle. He developed a simple low order model for premixed systems to describe the feedback process. Equivalence ratio fluctuations drive heat release oscillations, which, in turn, cause pressure fluctuations. Yu et al. systematically varied the combustor length and inlet velocity to show that the convection time for the reflected entropy wave explains their acoustic measurements.
A Helmholtz instability was identified in an industrial swirl burner by Zähringer et al. 12 It was shown that the exhaust chimney length directly scales the observed frequency. They concluded that two mechanisms were present; one controlled by the swirler geometry and one controlled by Helmholtz resonances due to the geometries of the combustion chamber and exhaust pipe. Two independent mechanisms were observed by Samaniego et al. 13 in a premixed propane-fired dump combustor when it was operated fuel-rich or fuel-lean. The dual-mode behavior of this burner was shown to be mass flow dependent and affected by fluid mechanical oscillations of the injected streams impinging upon each other. Small perturbations caused the axis of one jet to switch to be slightly to the right or the left of the other jet. This is known to cause a fluid mechanical oscillation which is sometimes called a switching effect. It was also suggested that a pressure node for a standing wave can be anchored outside of the exhaust of the burner, allowing for resonating wavelengths that are physically longer than the device. Steinberg 14 has shown that the motion of the PVC along with the size of recirculation zones can act as a blockage to the flow and affect flame position. The recirculation zone can change size and location due to thermal expansion and move upstream pushing the flame upstream which leads to oscillations in equivalence ratio and air flow rate.
Syngas is one of the focal points of the present work. Previous syngas studies with swirl flames have measured the flame blowout limits but not the acoustics. Blowout limits were reported by Lieuwen et al. 15 , Fritz et al. 16 , and by Tuncer et al 17 . The enhanced blowout limits were attributed to higher flame speeds afforded by the hydrogen component of syngas, but this also leads to flashback problems wherever the reactants are premixed.
A major challenge in combustion research is the characterization of the causes and processes that lead to these cyclical changes in pressure and heat release. Meier et al. have led a thorough investigation on the performance of combustion dynamics 18 , PVC motion 19 , mixing 20 , and recirculation 21 in a model gas turbine similar to the one studied in this paper, with their focus being primarily on flow-flame interactions. These studies have focused on a small subset of operating conditions using methane as a primary fuel. However, a comprehensive study has not been conducted to address the effects of equivalence ratio, flame speed, temperature, inlet velocity, or molecular weight on acoustics, particularly in partially-premixed swirling flames, as observed in this burner. Acoustic response to the parameters varied in this paper can be used to determine the mechanisms present. An integrated-acoustics model can be developed to describe a complex system whose thermoacoustic behavior is set by the presence of two or more of the mechanisms described above.
II. Experimental Apparatus
The gas turbine model combustor (GTMC), as seen in Fig. 1 6 , is used to study acoustic behavior and performance. The injector consists of a central air nozzle, an annular fuel nozzle, and a co-annular air nozzle. Both air nozzles supply swirling air at atmospheric pressure and temperature from a common plenum. The inner air nozzle has an outer diameter of 15 mm and the annular nozzle has an inner diameter of 17 mm and an outer diameter of 25 mm. The measured swirl number is approximately 0.55. Non-swirling fuel is provided through three exterior ports fed through the annular nozzle which is subdivided into 72 0.5 mm x 0.5 mm channels. The exit plane of the central air nozzle and fuel nozzle lies 4.5 mm below the exit plane of the outer air annulus. The exit plane of the outer air annulus will be referred to as the injector face. The combustion chamber has a square cross section of 85mm in width and 110 mm in height. The exit of the combustion chamber is an exhaust tube with a diameter of 40 mm and a height of 50 mm. In the present investigation, the burner is operated with 3 metal blank walls and a single quartz window, with a thickness of 1.5 mm, for flame visualization.
The burner was fired using propane, ethylene, and syngas fuels. An external cylindrical mixer was used for fuel mixing, particularly carbon monoxide and hydrogen to create syngas. This mixer allowed for the equal division of the fuel flow into three separate lines which lead to the fuel ports on the injector. Mass flow rates for the air and individual fuel lines leading to the burner were controlled by sonically choked orifices. Table 1 lists the operating parameters investigated. The hydrocarbon fuels and syngas mixtures of 20% and 25% hydrogen were burned over a range of equivalence ratios and air mass flow rates. The syngas mixture of 25% H 2 was chosen because its flame speed 22 over the range φ = 0.65 -1.0 closely matches that of ethylene. As well, the 20% H 2 mixture matches ethylene flame speed 23 from φ = 1.1 -1.2. Syngas gas mixtures of 30-45% hydrogen were only burned at the stoichiometric point with an air mass flow rate of 282 g/min.
A PCB piezoelectric transducer was used to measure the frequency performance of the burner. The transducer was located in the plenum to avoid thermal damage and wear it would undergo if it mounted on the wall of the combustion chamber. The frequency and amplitude in the plenum previously was shown to be not significantly different from that in the combustion chamber, with the exception of a phase shift 24 . A thermocouple was fed into position through the plenum into one of the outer swirl vanes to measure the core burner temperature. This temperature was used as a reference point to ensure that pressure data was collected at roughly equal burner temperatures. It will be shown that there is strong correlation of the acoustic data with this reference temperature. The burner was operated continuously such that measurements could be taken at discrete burner temperatures over the ranges given in Table 1 . This burner temperature more adequately reflects the temperature of the injector face over the course of a trial run, than a preheat air temperature. The temperature rises proportionally with the burner face due to heat transfer through the injector surface. The thermocouple could not be mounted exactly at the exit plane of the injector where it would interfere with the flame. Measurements taken with a secondary thermocouple at the end of a run, immediately after flame extinguishment, from a downstream position, indicate that the unburned air temperature at the fuel exit, 4.5 mm below the burner face, had risen from 300K to 310K. Due to this small increase, it will be assumed that there will be no preheated air effects, on parameters such as flame speed, and that the core temperature is representative of the heat transfer from the flame to the burner face. The length of the swirler passage and average reported inlet velocity dictate that the residence time through the burner core is on the order of a few milliseconds. Due to this short time, the degree of air preheating is limited.
For a given equivalence ratio and air mass flow rate, pressure measurements are taken at a set temperature for 5 seconds at 20 kHz, yielding 100, 000 data points. A power spectral density (PSD) is then calculated for each data set to give frequency and amplitude data. The fluctuation strength of a resulting frequency peak is determined by integrating the PSD curve. The full width half maximum (FWHM) of each peak was typically 2-5 Hz. This range was used as the bounds of integration around the peak. Depending on the initial conditions, acoustic frequency varied between 230 Hz and 500 Hz.
Although there is no premixing within the injector, the recession of the injector facilitates partial-premixing of the reactants in the region upstream of the flame prior to combustion 25 . The degree of premixedness is a function of the liftoff height, fuel density and swirling velocity. The liftoff height was found to vary across fuel types and during operation of a given fuel.
III. Results and Discussion

A. Flame Shape
The GTMC operates in three different acoustic regimes: 1) acoustically unstable and resonating, 2) acoustically stable and non-resonating, and 3) acoustically intermittent where the flame will transition back and forth between the first two modes. This intermittent mode can be considered the marginal status between quiet and loud flames. Huang 26 and Polifke 27 have studied transitioning and bi-stable flames and shown that changes in flame anchoring and shape are important in this process. The results provided in this paper do not involve intermittent cases, but will focus on acoustically unstable flames and flames that abruptly transition to non-resonating cases without reverting back to unstable.
Flame shape and anchoring play an important role in the maintenance of the instability. It was observed that the instability was amplified when the flame had a flat disk like shape that was slightly lifted. Flames that were anchored or highly lifted (light off heights less than 2mm or larger than 20mm) were generally quieter. Those flames that were directly anchored to the fuel annulus or lifted several centimeters were generally non-resonating. Within the unstable resonating mode, two types of shape fluctuations were observed. The first type involved a flame liftoff height oscillation where the flame would move up or downstream. The second motion was a change from a flat disk shape to a V-shape flame, with varying degrees in between. Figure 2 demonstrates the difference between a flat and V-shaped propane flame. Steinberg 14 has shown that the flame height oscillations are due piston-like pumping of the PVC and recirculation zones. The change in flame shape has been observed to be correlated with the bifurcation of air flow rate through each swirler. Nominally, the mass flow ratio between the outer and inner swirler is 1.5. However, when coupled with the flame blockage and pressure fluctuations, the air flow can be redistributed. A side experiment was conducted to evaluate the flame shape change when the entire air flow was redirected through only a single swirler. When the outer swirler is blocked and flow is directed through the central nozzle, the flame is V-shaped and quieter than the nominal flame. When the inner swirler is blocked, the flow passes through only the outer swirler. Due to the curved lip of injector at the outer swirler, a large radial velocity is imparted to the flow, which is conducive to stabilizing a flat flame. It can be inferred from flame observations during trials, that changes in flame shape as described are the result of some degree of flow redistribution. Figure 3 shows the measured frequency and amplitude response of the pressure oscillation with varying equivalence ratios. The equivalence ratio reported here is a global value, since at the inlet there is no premixing. However, it is expected that once the gases leave the injector there will be some degree of premixing over the liftoff height. The frequency response generally increases with equivalence ratio, except for propane which shows a decrease in frequency beyond φ = 1. This type of behavior suggests that the frequency of the instability scales with the flame speed. However, the syngas flames display additional complications. The 25% syngas mixture matches the ethylene data only at φ = 0.75 and φ = 1. The fuel-rich ethylene data does not match the 20% syngas data, which have the same flame speed. This also suggests that another parameter, in addition to flame speed, controls the acoustic performance. The dip in 25% H 2 frequency at φ = 0.85 is interesting because it marked a change in the type of oscillation instability observed. Most of the syngas cases experience flame height oscillations, but this case resulted in flame shape oscillations.
B. Equivalence Ratio Variation
The amplitude behavior with equivalence ratio shows varying trends with each fuel. Propane shows a decrease in instability strength, while ethylene flames resonate more powerfully with increasing equivalence ratio. Both syngas mixtures show little variation in strength. It is evident that these behaviors are not all consistently scaled with the increase in global heat release.
C. Air Mass Flow Rate Variation
Instabilities that are of convective-acoustic type display a frequency that varies with the gas velocity, while those that are pure organ tones or Helmholtz types do not. The air mass flow rate was varied, but the axial velocities in the inner and outer air streams were not measured. However, it is unknown if the swirler distribution is maintained as the total flow rate is increased. If a new distribution is achieved, there would be a disproportional change in the axial or radial velocity as set by the inner and outer swirlers respectively. Figure 4 indicates that the frequency of the instability increases with an increase in the mass flow rate. This suggests that the instability depends on a Strouhal number and that it contains a convective-acoustic component. The frequency data in Fig. 4a are similar for the syngas (25% H 2 ) and ethylene, which have the same flame speeds. The relationship between these two fuels also may have similar anchoring and mixing properties for The amplitude data for the syngas and the hydrocarbon fuels are very different. While syngas drops in amplitude strength, thermoacoustic instabilities are amplified at higher flow rates for hydrocarbon fuels. In comparison to hydrocarbons, the lift-off height is reduced for syngas mixtures. When this effect is combined with higher inlet velocities and the high diffusivity of hydrogen, reduced mixing can occur. The nominal flame shape is also different between the types of fuels presented. The hydrocarbon flames are typically observed to be flat, whereas the synfuel flames have a wide V-shape, which tends to make them quieter.
D. Syngas Composition Variation
The frequency at a given equivalence ratio is independent of the hydrogen concentration as seen in Fig 5. Along this line of constant frequency, the molecular weight of the mixture decreases and the flame speed increases with increasing hydrogen content until a hard cutoff occurs in which the instability is rendered inactive and becomes non-resonating. The concentration at which this "quiet" limit occurs is equivalence ratio dependent, but the limit is extended for richer flames. Within the range of equivalence ratios considered, the maximum cutoff occurs near 43% H 2 . Transitions such as these were observed in the hydrocarbon fuels, but these shifts were correlated with the swirler switching mechanism and dramatic flame shape changes. As well, this shift is quasi-stable for syngas, where once the flame is non-resonating, it will not transition back to unstable. Hydrocarbon fuels can display intermittent behavior where resonant transitioning can occur.
The amplitude of the dominant pressure signal is not equivalence ratio independent. As the "quiet" limit is approached, the instability strength is reduced until silent. This type of behavior suggests that thermoacoustic instabilities can be reduced by increasing the hydrogen content of the fuel. By also operating fuel-lean, the amount of hydrogen required to silence the flame is reduced. The data also suggests that a critical combination of flame speed and fuel density controls the acoustics for syngas. A stable syngas flame is directly attached to the burner and has a steep V-shape. A directly attached flame will have poorer mixing, resulting in a longer flame. Flat flames are acoustically compact and concentrate heat release in a smaller portion of the burner than an axially extended V-flame. Thus, V-flames are less efficient at applying thermal energy toward acoustic amplification A Rayleigh index was calculated according to the method described by Pun et al 28 for resonating and nonresonating syngas flames. Figure 6 depicts the Rayleigh index field alongside chemiluminescence images of each respective flame. Rayleigh indices greater than zero represent thermo-acoustically amplified flames where the pressure field and heat release are in phase, and indices less than zero represent regions with dampening. If the index is very small or near zero, the flame is stable and neutral. Figures 6a and 6b show the Rayleigh index and the corresponding flame profile for a non-resonating syngas flame. The index field is populated by values that are close to zero or slightly negative which is indicative of a field with little coupling between the pressure and heat release. Figures 6c and 6d display the same characteristics for an unstable, resonating flame and there exists a strong region of amplification surrounded by dampened regions. This result is similar to that shown by Kang et al 3 in a low swirl combustor. There are noticeable differences in the flame shapes between the resonating and stable syngas flames. The stable flame shows better anchoring and has an axially extended, V-shape profile. While the unstable syngas flame is not as flat as the propane flame shown in Fig. 2b , its profile is wider at its base than the stable syngas flame, which implies a higher degree of premixing. The change in flame shape may also be attributed to the swirler switching mechanism. An increase in the flow rate through the central nozzle will lead to a higher axial velocity and a longer V-shape flame. Higher flow rate through the outer swirler will support a flat flame with enhanced mixing. Figure 7 displays the frequency and amplitude response to variations in burner temperature for air mass flow rates of 210 g/min and 282 g/min. As discussed previously, this temperature is representative of the injector face temperature, not the air preheat temperature. By the end of a trial run, the measured temperature has risen to 380 K, but the air temperature has only increased to 310 K. The air temperature in the combustor is relatively constant while the injector temperature increases as the chamber temperature increases. The frequency of each fuel type increases with temperature which is indicative of a change in the speed of sound in the product gases. Organ tone and Helmholtz resonances both scale with the speed of sound. The low flow rate ethylene case does not exhibit any pronounced temperature variation. With this exception, the magnitude of the temperature gradient in maintained for each fuel type, i.e. all syngas-mixtures considered have approximately the same slope and the hydrocarbons behave similarly.
E. Temperature Variation
The amplitude response to temperature variation displays several trends. The lower flow rate cases do not vary greatly over the temperature range studied. For all flow rates, the syngas amplitudes do not vary greatly. Ethylene displays a drop in amplitude strength at 345 K because of an observed frequency shift phenomena. This type of event was only seen to occur in hydrocarbon fuels as the burner temperature increased and only occurred for a small subset of the test conditions studied. In general, a single strong pressure peak was seen in each of the PSD plots. When the frequency shift occurred, a secondary pressure peak, shifted 20-30 Hz higher, begins to grow as the temperature increased. As this peak grew in strength, the amplitude of the original peak is reduced. At higher temperatures, the secondary peak became the dominant frequency and grew in power as the original peak died off, as observed by the rise in amplitude for temperatures greater than 345K. Figure 8 shows the relationship between the observed frequency and the flame speed of a given mixture at all studied equivalence ratios for m a = 282 g/min and T C = 333K. Flame speed data for propane were acquired from Yu 29 . A linear relationship between frequency and flame speed can be seen. However, the slope of each curve differs, thus each fuel behaves in different manner. Flame speed affects several things: the liftoff height, the speed at which the flame flashes back after it is forced to move downstream, and the flame shape. Within the range of equivalence ratios studied, syngas mixtures above 43% hydrogen are non-resonating, which implies that flame speeds above 110 cm/s result in quiet flames in this burner. Figure 8b is a regime diagram depicting the relationship between flame speed and fuel molecular weight for the mixtures studied at m a = 282 g/min and T C = 333K. Each series of symbols represents a constant equivalence ratio and each vertical sorting of data points refers to a single fuel mixture at a given weight, e.g. propane has a molecular weight of 44 g/mol. The diagram is sub-divided into two regimes characterized by either quiet stable flames or loud flames experiencing a thermoacoustic instability. The "quiet" limit lies along a vertical line of slightly varying fuel weight. For heavier syngas mixtures, the limit occurs at leaner conditions. Under the range of equivalence ratio observed, there is a limit at 110 cm/s. The limit may also be extended for lighter fuels if conditions richer than φ = 1.2 are studied. Propane and ethylene fuels are unstable for all the conditions studied at the given flow rate.
F. Flame Speed and Molecular Weight Variation
The molecular weight of the fuel appears to play a role in the acoustic behavior, based on Fig. 8b , but the specific mechanism is not yet known. Several fuel-air mixtures studied have the same flame speed of 45 cm/s, yet they exist in very different regimes in Fig. 8b . Molecular weight is known to control thermo-diffusive instabilities in flames which could play a role in the acoustic instability-mechanisms that were studied, as suggested by the present data. A different diagram can be assembled for lower flow rates where the "quiet" limit would occur at heavier weights and lower flame speeds. Similarly, the temperature dependence of these fuels can also affect the location of the stabilizing limit. The unstable regime has been divided into the type of observed flame shape. Propane and lean ethylene yield flat flames, while all the syngas mixtures yield V-shaped flames.
G. Parameter Scaling
For propane, a scaling model, as given by Eq. 1, has been determined based on the burner temperature and air mass flow rate. The scaling parameter for each variable, n and p, was calculated by a least square minimization method. This minimization was done independently for the two parameters with reference to a mass flow rate of 282 g/min and 311K. The resulting values of n and p were 0.51±0.02 and 0.34±0.01, respectively. The very narrow uncertainties in these values indicate that burner temperature and air mass flow rate act independently in a) American Institute of Aeronautics and Astronautics 9 determining the frequency of the instability. Figure 9 depicts the scaled frequencies over the entire range of equivalence ratios. The original data set contained frequencies over a wide range from 230 Hz to 380 Hz, while the scaled data nearly collapses to a single curve, with variations less than 10%.
The scaling of frequency with the T 1/2 is indicative of a change in the speed of sound in the combustion chamber. Changes in the speed of sound can result in frequency changes in organ tone and Helmholtz modes. However, the frequency also is proportional to m A 1/3 , which indicates that a convective-acoustic mode also is present.
H. Burner Configuration Variations
The dimensions of the GTMC combustion chamber, exhaust tube, and plenum were varied to investigate Helmholtz and organ tone behavior. Table  2 summarizes the dimensions varied and the percent change from the nominal frequency of 320 Hz for a propane flame operated at φ = 0.75, m a = 282 g/min, and T C = 333K, for the standard burner configuration. When the combustion chamber length was varied from 75 to 300 mm, no frequency shift larger than 10% was observed. This result indicates that a standing quarter wave, which scales with combustor length, is not present. The combustor diameter was reduced to 50 mm resulting in an 11% shift to a lower frequency. The volume of the plenum was also varied to determine if an organ tone or Helmholtz resonance is associated with its dimensions. There was a negligible frequency change.
The largest frequency changes were observed in changes involving the exhaust tube. Increasing the tube length by 460% caused the frequency to shift by 64 Hz. When the exhaust pipe was removed, the frequency was also downshifted by 23%. Changing the diameter of the exhaust pipe resulted in a smaller change to the frequency, but a large increase in the amplitude of the instability was observed. If lumped-acoustic model 30 for a Helmholtz resonator is considered, the results suggest that the exhaust pipe length and diameter may play a role in changing the impedance of the system. 
IV. Conclusion
The GTMC studied exhibits a wide range of acoustic behaviors, which can correspond to a number of active and coupled acoustic modes. The frequencies and amplitudes of a combustion instability were measured while the following operating parameters were systematically varied: equivalence ratio, air mass flow rate, air temperature, flame speed, and fuel type. Syngas displayed significantly different behavior than hydrocarbon fuels, even when the laminar flame speeds of the fuels were matched. Flame speed was found to play an important role since it affects both the frequency and amplitude of the instability. This trend indicates that either the flame liftoff height or some type of flashback oscillation is important, since flame speed should not affect the frequency of a pure Helmholtz or organ tone resonance. The air velocity also affected the frequencies and amplitudes, indicating that a convectiveacoustic mechanism plays a role. The geometry of the exhaust pipe greatly affected the acoustic amplitude, indicating that some sort of driven Helmholtz resonance is present. Finally, it was observed that flow switching occurs; the total air flow rate was fixed but the fraction of air passing through the inner and other annular passages changes. Switching of air flow between the two air passages was caused by blockage induced by the flame position and shape. Figure 10 depicts simple, low order feedback ideas that link together the important flame-fluid relationships. The details of how the different factors in Fig. 10 are linked together are still being studied. It is concluded that the instability cannot be due to one single mechanism but is due to integrated-acoustics involving a combination mechanisms, including Helmholtz, convective-acoustic, and perhaps fluid mechanical switching.
